Purpose To study the β-catenin gene in a group of MayerRokitansky-Küster-Hauser patients. Methods Twelve patients with the Mayer-RokitanskyKüster-Hauser syndrome were included in this study. DNA was extracted from peripheral blood and the region codifying β-catenin GSK-3β phosphorylation sites on exon 3 was amplified. PCR products were purified and directly sequenced.
as a major cause of the MRKH syndrome. Among the genes involved in the AMH signaling pathway, the AMH gene has been studied for activating mutations, which were not detected [14, 15] . AMH type 2 receptor gene (AMHRII) and the three potential AMH type 1 receptor genes (AMHRI) were also investigated and no mutations were found [12, 14, 16] .
This consistently negative data has prompted us to search for other candidate genes involved in Müllerian duct development during embryogenesis. β-catenin, a multifunctional protein that can affect both cell-cell adhesion and signal transduction [17] , has been shown to mediate AMH dependent Müllerian degeneration. AMH acts on the Müllerian epithelium through a paracrine mechanism originating in the periductal mesenchyme. This member of the TGF-β family signals through receptor complexes of two related serine/threonine kinase transmembrane receptors, which must be co-expressed for appropriate signal transduction [18] . Whereas AMHRI is ubiquitous, AMHRII is expressed only in the mesenchymal cells surrounding the Müllerian ducts [19] . The AMH action in peri-Müllerian cells leads to accumulation of cytoplasmatic β-catenin in a cranial-caudal fashion, correlating with the pattern of Müllerian duct regression. Interestingly, nuclear β-catenin immunoreactivity is also observed, co-localized with lymphoid enhancer factor-1 (LEF-1) [20] . This finding suggests that AMH induced β-catenin expression could be involved in gene transcription regulation. Heterodimerization of β-catenin with LEF/TCF family members generates an efficient complex able to activate or repress gene transcription. It has been demonstrated that β-catenin is essential for the activation of AMHRII gene promoter [21] . Thus, it is possible that mutations in the β-catenin gene (CTNNB1) could be the cause of the Müllerian defect observed in patients with MRKH syndrome. β-catenin cytoplasmatic and nuclear accumulation occur as consequences of mutations on exon 3 of the CTNNB1 gene, which affect serine/threonine phosphorylation by glycogen synthase kinase-3β (GSK-3β), and protect the β-catenin protein from degradation [22, 23] . Mutations affecting GSK-3β phosphorylation residues could result in abnormal activation of the AMHRII gene promoter, even in absence of AMH, and could ultimately cause abnormal regression of the Müllerian ducts in MRKH patients.
Material and methods
Twelve patients (age 16 to 36 years) with the MRKS syndrome referred to a tertiary infertility center complaining of primary amenorrhea were included in this study. Ten patients were unrelated, while the remaining two cases were sisters. All patients had normal female karyotype (46, XX) and normal secondary sexual characteristics. Pelvic ultrasound examination revealed rudimentary uterus and upper vagina atresia in ten of the patients, while the uterus was not visualized in the remaining two-laparotomy confirmed uterine agenesis in one of these patients. Four patients presented unilateral renal agenesis; while one patient presented duplication of the renal collecting system. None of the twelve patients had clinical or laboratorial evidence of hyperandrogenism. Skeletal or other associated malformations were not present in this group of patients.
After informed consent, peripheral blood was collected from patients and controls (six individuals) and the samples were stored in −20°C until DNA was extracted with Invitrogen DNA extraction Kit. DNA samples were then subjected to polymerase chain reaction (PCR). The following oligonucleotide primers, encompassing GSK-3β phosphorylation sites on exon 3 of the CTNNB1 gene were used: sense: 5′-GATTTGATGGAGTTGGACATGG-3′ and antisense: 5′-TGTTCTTGAGTGAAGGACTGAG-3′ (226 base pairs). Standard PCR reactions were set up in a total volume of 50 μl, containing 100 ng of genomic DNA, 10 pM of each primer, 5 μl reaction buffer (10X), 200 μM of each dNTP, and 1U of Taq polymerase (Invitrogen, Carlsbad, CA). After an initial 5 min denaturation step at 95°C, the reactions were subjected to 35 amplification cycles of 94°C×30 sec, 55°× 40 sec, 72°×40 sec, followed by 5 min final incubation at 72°. PCR products were purified with GFX PCR DNA and Gel band Purification Kit (Amersham Biosciences, Piscataway, NJ) and directly sequenced on an ABI PRISM 310 Genetic Analyser (Applied Biosystems, Foster City, CA), using the Big Dye Terminator method according to the manufacturer's instructions. 
Results
Sequencing analyses performed on PCR products detected no nucleotide variation in the sequence that codifies β-catenin GSK-3β phosphorylation sites on exon 3 of the CTNNB1 gene in this group of patients with the MRKH syndrome (Fig. 1) nor in the controls.
Discussion
The genetic factors regulating female sexual differentiation have not yet been clarified. Undoubtedly, it is far more complicated than the previous belief that the female represented the default pathway in mammalian reproductive tract development. Elucidation of the molecular basis of the MRKH syndrome could not only shed light upon the pathogenesis of the syndrome, but could greatly contribute to the general understanding of the genetic control of human fetal sexual development.
CTNNB1 seemed a particularly interesting candidate gene, since β-catenin is a downstream effector of both AMH and WNT signaling pathways, which may function cooperatively in mediating Müllerian duct regression [24] . Whether the effect of AMH involves WNT signaling in the Müllerian mesenchyme is unknown. To date, activation of β-catenin/ TCF signaling has only been described in association with the canonical WNT/ β-catenin pathway. Activation of this pathway inhibits β-catenin phosphorylation, thus creating a large pool of soluble non-phosphorylated β-catenin [17] . In fact, WNT7a expression in the Müllerian duct epithelium is essential for the expression of AMHRII in both sexes [25] . However, in mammals, β-catenin accumulation during the critical period of Müllerian duct regression is independent of Wnt7a action as the cytoplasmatic accumulation of β-catenin occurs well after the effects of Wnt7a on AMHRII gene expression [20] . Although we still do not completely understand how AMH and WNT signaling pathways interact, enough evidence indicates that β-catenin plays a major role in the activation of AMHRII promoter during Müllerian duct regression [21] . Since abnormal cytoplasmatic and nuclear β-catenin accumulation had been described as a consequence of mutations on the CTNNB1 gene [22] , the hypothesis that CTNNB1 gene mutations caused Müllerian duct derivative abnormalities was very attractive.
We studied the exon 3 of the CTNNB1 gene, the region codifying β-catenin GSK-3β phosphorilation sites. Mutations affecting this region interfere with β-catenin serine/ threonine phosphorylation by GSK-3β, leading to β-catenin accumulation [22] . The evaluation of 12 patients with the MRKH syndrome did not reveal any mutations on exon 3 of CTNNB1 gene. Since mutation detection using direct DNA sequence analysis is regarded as the most sensitive strategy, we conclude that CTNNB1 exon 3 mutations are an unlikely cause of the MRKH syndrome.
The molecular mechanisms regulating the cross-talk between the mesenchyme and the epithelium during Müllerian duct regression are unclear. Further studies are required in order to clarify how AMH induces β-catenin accumulation, whether AMH activates simultaneously the bone morphogenetic pathway (BMP) and the β-catenin/ LEF-1 pathway in periductal mesenchymal cells and what other AMH downstream signaling events are crucial for Müllerian duct regression. The answer to these questions can perhaps provide new insights into the elucidation of the genetic basis of the MRKH syndrome.
